In this paper, we show that the development of acuity in infancy is not due solely to foveal maturation , since there is a clear development of acuity in the peripheral visual field.
The preferential looking procedure is based on the fact that infants show a visual prefer ence for a patterned stimulus, when this is presented simultaneously with a uniform sur face of equal space-average luminance. ! By using grating stimuli of different spatial frequencies and the forced-choice response of an observer naive as to the side of presen tation of the stimulus, it is possible to estimate the visual resolution of young infants (,forced choice preferential looking' , FPL). 2 In this paper, we present the results of two experiments based on the preferential looking procedure. In a first experiment, the develop ment of visual acuity in the peripheral visual field was described for infants under one year of age. The main motivation for this study was to contribute to the understanding of the neu ral factors responsible for the rapid develop ment of acuity in early infancy.
In a second experiment, infants and chil dren at risk of amblyopia were tested with the newly developed Teller Acuity Cards (TAC). The results were compared with the results of established clinical methods (e. g. fixation preference, Landolt C acuity).
Results of both studies have been published in preliminary form.3,4 Experiment I: The development of peripheral visual acuity in infancy.
In a previous study, Sireteanu, Kellerer and Boergen5 tested the development of visual acuity at 10° in the infants' peripheral visual field. They were primarily interested to learn whether the relatively advanced stage of mor phological maturation of the infant peripheral retina is paralleled by functional maturity, reflected for instance by an adult-like level of visual acuity. The estimation of peripheral acuity was based on the infant's first saccade from a fixation stimulus towards a peripheral grating stimulus. In a second experiment, they tested the 'best acuity', using a method of forced-choice preferential looking and free viewing conditions.
The results can be summarized as follows: (1) there was a clear development of acuity in the peripheral visual field;
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(2) peripheral acuity reached a plateau at about four months of age, while 'best acuity' continued to develop during the second half of the first year of life; (3) at all ages tested, peripheral acuity was lower than the resolution evaluated with the same stimuli under free-viewing conditions.5 The present investigation is an extension of this preliminary study. Our interests were twofold: (1) to learn whether the results obtained previously could be reproduced at another position in the visual field (20 degrees); (2) to test the development of visual acuity in monocular conditions. We were especially interested in the possible occur rence of nasa-temporal asymmetries. This interest was prompted by the finding that in human infants, similar to young kittens, the detection of visual stimuli in the nasal visual field developed later than detection of objects presented in the temporal visual field. 6, 7
Methods

Subjects
Thirty-one infants between 17 days and 14 months of age were tested. Most of these infants were tested at more than one age, totalling 151 tests. Since longitudinally tested infants yielded similar results to the cross sectionally tested ones, our results are based on a combination of the two groups. Only full term infants with no developmental abnormalities and no ocular disorders were included in this study.
Six adult observers were tested binocularly and monocularly under identical experimen tal conditions. Three of these subjects were aware of the purpose of the experiments, the other three were not.
Apparatus
We used a modification of the forced-choice preferential-looking apparatus described by Sireteanu et al. 5 It consisted of a large grey wooden screen containing two circular aper tures of 15° diameter, centered at 20° from the midline. Four small red blinking lamps arranged around a peephole (1 cm dia) served as a centering stimulus. Two of these lamps (either the vertical or horizontal ones) could be lit at a time.
At each trial, a square-wave grating of 80% contrast was projected from behind onto one aperture, and a blank stimulus (a uniform grey field of matched luminance) onto the other. 
Procedure
The infant sat on its mother's lap, at a distance of 57 cm in front of the screen.
An adult observer, not knowing the side of presentation of the grating, looked at the infant's face on a video screen. A video cam era was positioned behind the peephole. At the beginning of each trial, the observer attracted the infant's attention to the midline by blinking the fixation lamps and/or making calling noises. When she judged that the infant's gaze was centered on the midline, the blinking lights were extinguished, and a grat ing, paired with a blank stimulus, appeared on the screens. The sequence of presentation of the gratings was randomised. The observer's task was to judge the direc tion of the first fixation from the centering stimulus toward a peripheral grating stimulus. For monocular testing, one of the infant's eyes was covered by an adhesive opaque occluder.
Data analysis
The subjects were divided into five age groups of 10-21 infants each: 0-4, 4-6, 6--8, 8-10 and 10-14 months. The data of all infants from every age group were collected to provide the psychometric curve of the respective age group. The curves were computer-fitted by cumulative normal ogives using a least squares method. The interpolated spatial fre quency yielding a 70% correct response was taken as the acuity threshold of the age group.
Results
The development of binocular peripheral acuity All groups of infants tested yielded orderly psychometric functions. The coarsest gratings elicited a high percentage of correct responses; for finer gratings, performance fell to chance.
There was a clear development of the bin ocular peripheral acuity in the first months of life. The resolution of gratings centered at 20° increased from 1.2 c/deg to about 3 c/deg between 2.5 and 5 months. There was only a slight improvement in acuity to 5.4 c/deg at 11 months of age ( Fig. 1, open circles) .
The development of monocular peripheral acuity
The infants performed consistently less well under monocular than under binocular testing conditions. Some of the youngest infants (2-3 months old) and most of the oldest ones (10 months or more) refused to be tested with an eye patch. The upper asymptotes of the psy chometric functions were lower, and the slopes more shallow.
Visual acuity developed from 1.1 c/deg at 3.5 months to about 4 c/deg at 10 months of age ( Fig. 1, closed circles) . Thus, monocular peripheral acuity was slightly, but consistently lower than binocular acuity throughout the tested period. 
Peripheral acuity in adult observers
The visual acuity of even the oldest infants tested (11-12 months old) remained signifi cantly below that of normal adult observers tested under identical experimental condi tions. This conclusion holds for both bin ocular and monocular testing conditions (see Fig. 1 ), regardless of whether the adults were aware of the purpose of the experiment (instructed) or not. Naive observers tended to give less consistent responses at lower spatial frequencies, and the slopes of their psycho metric functions were more shallow, but their visual acuities were only slightly lower than those of the instructed observers (compare large and small triangles in Fig. 1 ).
Naso-temporal asymmetry
At all ages tested, acuity in the temporal visual field was higher than in the nasal field. Such an asymmetry was absent in adult observers tested under identical experimental conditions.
Discussion
The reduced visual function of the newborn infant was often attributed to the immaturity of the fovea: Indeed, the peripheral retina is morphologically well developed a few days after birth, while the central SO show a struc tural deficit, and might not be functional until about four months of age.8•9 Morphologically, the development of the fovea continues until at least four years of age. III In the present study, we showed that there is a clear development of acuity in the periph eral visual field of human infants. We thus confirmed the results obtained by Sireteanu et al. 5 at another eccentricity. Unfortunately, the present results cannot be compared quantita tively with the previous ones, since there are small technical differences between the two studies: the first study was performed in a clinical setting, the second in a laboratory; the luminances of the test stimuli were slightly dif ferent; and the procedure of the first study was less automated than the present one.
Nevertheless, the two studies clearly show that the postnatal emergence and maturation of the fovea is not the only factor responsible for the development of acuity in early infancy.
Throughout the first year of life, acuity in the temporal field was higher than in the nasal visual field. This finding parallels the naso temporal asymmetry in the detection of light spots reported by Maurer et al. 7 and is consis tent with anatomical reports that the nasal human retina (on which the temporal visual field is imaged) is more mature at birth than the temporal retina (corresponding to the nasal field).
II
The occurrence of a naso-temporal asym metry in the distribution of acuity in infancy brings some insight into the aetiology of amblyopia: In adult esotropic amblyopes, acuity is often more deeply affected in the near temporal than in the nasal visual field.25 This asymmetry is the opposite of that found in young infants. Therefore, it seems that the adult distribution of acuity in amblyopes is not the consequence of an arrest of development (as sometimes suggested)12 but rather the result of the chronic suppression of the deviated eye. Strabismic suppression selec tively affects the nasal retina (temporal visual field) of this eye in esotropes.25.13 In spite of the obvious importance of a visual acuity test for preverbal children, the forced-choice preferential looking (FPL) pro cedure has been slow to be introduced into the clinical routine. Its main disadvantages are: the testing apparatus is complex and requires careful maintenance and recalibration; test ing requires trained personnel and a tedious statistical analysis of the data; and the testing procedure is too lengthy to be carried out in the busy atmosphere of an eye clinic.
Based on the classical preferential looking procedures, a new test was created to measure the grating acuity of infants and toddlers, by using special acuity cards. * 1 4 . 15 These cards have been developed to over come most of the above mentioned problems. The original stimuli consisted of cardboard cards containing a single vertical square-wave grating on one side and an equally-sized aper ture of grey cardboard of matched average luminance 1 4 .15 or a high spatial frequency grating above the normal resolutionl6 on the other side; the rest of the card was uniformly grey. The testing procedure was much simplified: instead of presenting the stimulus mech anically in random order, the cards were handheld, and presented in ascending order of spatial frequency; the observer was required to make a clincial judgement on the infant's ability to localize the grating. Visual acuity was defined as the highest spatial fre quency the observer judged the infant to see. ,1 4-1 7
The acuity card procedure allows a rapid measurement of grating acuity. The compari son between acuity values obtained with the FPL procedure and those estimated with the acuity cards showed good agreement of the two procedures.18.l9 In conclusion, the acuity card procedure was judged to be a useful clini cal tool; several investigators suggested using it as a screening test for infants and preverbal children. 20•21 Before recommending the TAC as a screen ing test or as an acuity test to be used in the clinical routine of ophthalmologists or pedi atricians, it is important to examine whether the cards are sensitive to acuity losses due to ocular diseases and amblyopia. Since amblyo pia is one of the most common causes for acuity loss in childhood, and effective treat ment has to be started very early, a visual screening test for infants should be able to uncover amblyopia. It is well known that grating acuity is less affected by amblyopia (especially of strabismic origin) than recogni tion acuity.22.23 Since the TAC Test is based on the estimation of grating acuity, it is not clear whether amblyopia would be reliably diag nosed by this method. To examine this, we compared the grating acuity, estimated with the TAC Test, with the recognition acuity, tested with the Landolt C test, in amblyopic children that were old enough to complete both tests. Additionally, in strabismic infants and children, the TAC Test was compared with the Fixation Preference Test.
A group of children with a variety of ocular disorders were also tested with the TAC Test. As a control group, normal children were included in this study.
Methods
The Teller Acuity Card Test
The TAC Test consisted of 15 cards, 25 cm x * The acuity cards are commercially sold under the name of Teller Acuity Cards (TAC).
56 cm in size. Each card contained a 12.5 X 12.5 cm black-and-white high-contrast square-wave grating on one side. The centres of the gratings were located 13.8 cm to the left or to the right of a central peephole. The space-average luminance of this test field was matched to the surrounding, so that the card appeared homogeneously grey if the grating was not resolved. The spatial frequency of the grating targets ranged from 0.32 to 38 cycles/cm in half-octave steps (an octave means a halving. or doubling of spatial fre quency). At a test distance of 57 cm, cycles/cm were equivalent to cycles/degree. Thirty cycles/degree corresponded to an acuity of 1.0, respectively 20/20 Snellen equivalent.
The test procedure was performed accord ing to the handbook of the Teller Acuity Card Test:
During the test, the child was held (or stood) in front of a grey screen that contained a rectangular opening. An observer standing behind the screen attracted the child's atten tion towards this opening, and then held a test card up to it, without knowing the side of the grating target. During card presentation, the observer viewed the child's behaviour through the central peephole in the card. If the child showed a preference towards one side, this was taken as an indication that the presented grating was resolved. Before checking the actual grating location, the card was often turned 180 degrees, so that the grating appeared on the opposite side. If the patient's response changed appropriately, this proved his ability to resolve the grating. Then the actual grating location was checked. If upon the presentation of a grating, the child's behaviour did not show a side preference, this grating was judged not to be resolved.
The test cards were presented in ascending order, from coarse toward finer gratings. To save time, the coarser gratings were often pre sented in octave steps. It was switched to half octave steps when gratings close to the acuity limit were presented. Acuity was defined as the finest grating the observer judged the child to be able to see. The test distances were 40 cm for infants up to 10 months, 57 cm for children from 10 months to about three years old, and 80 cm for older children.
Landolt C Test
The Landolt C optotypes were presented on cards containing rows of optotypes. The dis tance between the optotypes was at least 17.5 minutes of arc at a test distance of 80 cm. The test we used is commercially available under the name of C-Test.
Fixation Preference Test
In strabismic infants and children, fixation preference was also tested. In children that showed spontaneously a strong fixation pref erence of one eye, we covered this eye while presenting a fixation object. If the squinting eye did not take up fixation under this con· dition, or took up fixation but fixation prefer ence changed soon after uncovering the other eye, a monolateral strabismus was diagnosed. An alternating strabismus was diagnosed if no fixation preference was seen, but the left and the right eye fixated in turn. Some strabismics were able to alternate but commonly pre ferred one eye.
The Fixation Preference Test is commonly used in strabismic infants that are unable to pass visual acuity tests. If a fixation preference is present, amblyopia of the constantly squint ing eye has to be suspected. On the other hand, amblyopia is unlikely in alternating strabismus with no fixation preference.
Results
Forty-nine normal children, 87 children at risk for amblyopia due to strabismus and/or anisometropia and 19 children with structural ocular disorders of one or both eyes were tested with the Teller Acuity Cards (TAC). In strabismic children, TAC-results were com pared with the Fixation Preference Test. In older children the TAC Test was compared with a recognition test (Landolt C Test).
Normal subjects
Using the TAC, we first determined the mon ocular acuity of 49 normal subjects, two months to four years old (average 11.8 months). In 46 (93.9%) children, both eyes could be tested, in three (6.1 %) only one eye. Of the monocular estimates, 84.2% were within the preliminary age norm offered with the TAC Test. Among the 46 subjects in which both eyes were tested, 30 (65.2%) reached the same acuity in both eyes; 16 (34.8%) had an interocular difference of one-half octave (corresponding to one test card). This differ ence was probably due to the inaccuracy of the test, and does not reflect a real interocular difference.
Children with strabismus and/or anisometropia
Teller Acuity Card results
Altogether, 87 children at risk for amblyopia, since they were strabismic and/or anisome tropic, were tested monocularly with the TAC Test. Strabismus was diagnosed in 77 subjects; five of them also had an anisometropia. Ten subjects suffered from anisometropia only. All subjects were tested with the appropriate optical correction, except for two strabismics with equal refractive errors in both eyes. The mean age of the subjects was 5.8 years (0.7 to 13.8 years; see Fig. 2 ). In 43 (49.4%) of the children at risk for amblyopia, TAC acuity was equal in both eyes; 24 (27.6%) subjects had an interocular difference of one-half octave. In 20 (23.3%) children, an interocular difference of one octave or more was found with the TAC. Thus, the group of children at risk for amblyopia showed more often an interocular difference than the normals (50.6% vs. 34.8%). The largest interocular difference estimated in normals was one-half octave, while 23% of the subjects at risk for amblyopia had a more pronounced inter ocular difference.
Comparison of grating acuity with fixation preference
Of the 69 strabismic subjects that were prob ably amblyopic since they had a strong or slight fixation preference, only 16 (23.2%) showed an interocular difference in grating acuity of one octave or more, thus higher than the interocular differences found in normals. Similar to the normals, the eight subjects with an alternating strabismus had at most one-half octave interocular difference in grating acuity.
Comparison between Teller Acuity Cards and Landolt C Test
A direct comparison of the two methods is shown in Fig. 3 . The graph shows the relative acuity of the amblyopic eye (in percent of the acuity of the non-amblyopic eye), e.g. 50% means that the amblyopic eye reached half of the acuity of the non-amblyopic eye, 100% means that the same acuity was determined in both eyes. In 33 (75%) of 44 subjects, the interocular acuity difference was larger with the Landolt Cs than with the TAC (data points below the 45° line). Twenty-five (75.8%) of these 33 children showed no inter ocular difference with the TAC, but very clear acuity losses with the Landolt C Test. How ever, there seemed to be no rule about how deep an amblyopia had to be, in order to be detectable with the TAC. On the contrary, from the children in whom the same depth of amblyopia was seen with the Landolt C Test (e.g. 20%), some showed a clear acuity loss with the TAC, but several had normal acuity values with this test (see Fig. 3 ).
Several children included in this drawing saw the 38 clcm card with one or both eyes (see star-marked dots in Fig. 3) ; their acuity values might have been falsified by the edge artifact of this card. Note, however, that even if these children are eliminated from the figure, the conclusion of a lack of correlation between the depth of amblyopia measured with TAC and with the Landolt C test holds.
The results in children with strabismus and anisometropia were very similar to those seen in strabismics. In all four subjects, the inter ocular acuity difference was less with the TAC Test than with the Landolt C Test.
The amblyopic as well as the non amblyopic eyes of the nine non-strabismic subjects with anisometropia reached on the average nearly the same acuity with both pro cedures, but the acuity results of the amblyopic eyes showed a wider scatter. Three subjects showed a larger ill'terocular differ ence with the Landolt Cs and four had more difference with the TAC. In two subjects, the interocular differences were nearly the same with both methods.
Children with structural disorders of one or both eyes
The grating acuity of 19 children 0.2 to 13.6 years old (average 5.2 years) with organic problems of one or both eyes was measured with the TAC (see Fig. 4 ).
Acuity loss based on ocular diseases (e.g., cataract, atrophy of the optic nerve and so on) affected the grating acuity measured with the Teller Cards more than strabismic amblyopia did. If only one eye was affected, its acuity was always lower than the acuity of the normal eye. If a subject had a bilateral ocular disease, the acuity estimates were usually below the age norm in both eyes (see Fig. 4 ) .
There was a good agreement between TAC and Landolt C acuity.
Conclusion
The Teller Acuity Card Test does not detect reliably strabismic amblyopia. Since amblyo pia is one of the most common causes of acuity loss in childhood, we do not recommend the Teller Acuity Card Test as a visual screening test. In preverbal strabismic children that are not able to pass recognition acuity tests, diag nosis and therapy control should continue to be based mainly on the classical clinical methods (e.g. Fixation Preference Test).
On the other hand, acuity losses due to structural ocular disorders are detectable with the Teller Acuity Card Test. In these cases, the Teller Acuity Card Test seems to be a use ful adjunct to the clinical evaluation and ther apy control.
These results show the necessity of inves tigations in order to develop a psychophysical test for children, which would capitalise on MONOCULAR ACUITY. CHILDREN WITH ORGANIC OCULAR the advantages of the preferential looking technique, and at the same time be able to detect the more subtle losses of acuity due to an early strabismus.
